A B S T R A C T Arginine vasopressin (AVP) and angiotensin II (ANG II) reduce the glomerular filtration rate and ultrafiltration coefficient. Vasodilatory prostaglandins (PG) antagonize these effects. AVP and ANG II also cause mesangial cell contraction. Therefore, possible PG stimulation by these peptides and two vasopressin analogues was studied in cultured rat glomerular mesangial cells. The effect of altered calcium availability on PG production was also studied.
INTRODUCTION
Glomerular mesangial cells in culture resemble smooth muscle cells, and contract in response to angiotensin II (ANG II)' and arginine vasopressin (AVP), peptides with potent pressor activity (1, 2) . Since these cells are the only known contractile cells in the glomerulus, and by autoradiography tritiated ANG II injected into the renal artery is concentrated in the mesangium (3), they are thought to be responsible for the decrements in glomerular surface area (4), ultrafiltration coefficient (Kf) and single nephron glomerular filtration rate (SNGFR) after infusion of ANG II or AVP (5, 6) . Therefore, it has been postulated that the mesangial cells may regulate glomerular filtration rate (GFR) by altering the glomerular capillary surface area, one of the determinants of Kf.
Both AVP and ANG II stimulate renal synthesis of prostaglandins (PG) in vivo and in vitro (7) (8) (9) . Rat glomerular epithelial and mesangial cells in culture pro- ' Abbreviations used in this paper: ANG II, angiotensin II; AVP, arginine vasopressin; d(CH2)5VDAVP, [1-(,-mer- capto-#0-cyclopentamethylene propionic acid)-4-valine, 8-D-arginine] vasopressin; dDAVP, 1-desamino-8-D-arginine vasopressin; DMSO, dimethyl sulfoxide; GFR, glomerular filtration rate; Kf, ultrafiltration coefficient; 6kPGFI., 6-keto- prostaglandin Fla; PG, prostaglandin(s), with the corresponding letter (E, F) for each series; SNGFR, single nephron GFR; TXB2, thromboxane B2. duce radioimmunoassayable PGE2, thromboxane B2 (TXB2), PGF2a, and 6-keto (6k) PGFiaX (10, 11) and PG synthesis is stimulated by ANG II in rat glomerular mesangial cells (12) . ANG II has been found to selectively stimulate PGE2 production in cultured rat glomerular epithelial cells (13) .
The physiologic importance of glomerular PG is unclear, however, cyclooxygenase inhibition has been found to enhance the action of ANG II on SNGFR and glomerular capillary plasma flow rate (14) . Therefore, the stimulation of vasodilatory PG, specifically PGE2, by the pressor peptides may serve to modulate the pressor effect of ANG II and AVP on either vascular smooth muscle, thereby affecting renal blood flow, or on mesangial cell contraction, affecting filtration surface area.
Because of the central role of calcium in the regulation of cell function and hormone-mediated cellular response, considerable attention has focused on the involvement of calcium in cell biochemistry and physiology through the use of calcium entry blockers or calmodulin inhibitors. AVP and ANG II stimulation of PG production occurs by activation of phospholipase(s), a calcium-dependent enzyme (15) . The divalent cation ionophore, A23187, is thought to stimulate PG production by increasing availability of calcium to phospholipase A2 or C (16) . Ausiello and Zusman (17) have shown that either the absence of Ca++ from the extracellular medium or the presence of verapamil, a calcium entry inhibitor, equally suppresses AVP and ANG II stimulation of PGE2 synthesis and radioactive arachidonate release from phospholipids in renal medullary interstitial cells.
Our objectives in this study were (a) to evaluate the PG synthetic activity of cultured rat glomerular mesangial cells by measuring basal, arachidonate (C20:4)-stimulated and calcium ionophore-stimulated PG production; (b) to evaluate AVP and ANG II stimulation of PG synthesis; (c) to assess the effect of vasopressin analogues on AVP-enhanced PG production, and (d) to determine the role of calcium channels or alteration of extracellular calcium concentration in the response of peptide-stimulated PGE2 synthesis.
METHODS
Glomerular isolation and culture. Kidneys were removed from ether-anesthetized 75-100-g Sprague Dawley rats killed by exsanguination. Subsequent glomerular isolation was performed using sterile conditions under a laminar flow hood. The renal capsules were removed and cortices dissected away from the medulla. The cortical segment was finely minced into 1-2-mm fragments and gently pressed through a 106-uM sieve, suspended in phosphate-buffered saline (PBS; Gibco Laboratories; Grand Island, NY) to which penicillin, streptomycin sulfate, and fungizone (Gibco Laboratories) were added. The mixture was vigorously pipetted with a siliconized glass pipette. This suspension was then poured through a 75-,uM sieve and washed with PBS. The glomeruli collected on the upper surface of the 75-jiM sieve and were resuspended in PBS in a conical siliconized glass tube. After the glomeruli settled to the bottom, the supernate was discarded and the glomeruli were resuspended in media for culture. Glomerular purity was assessed by light microscopy and always exceeded 95%. The glomeruli were then plated into Costar 35-mm tissue culture dishes (Costar, Data Packaging, Cambridge, MA) at 3,000 glomeruli/well.
The incubation medium was RPMI 1640 (Gibco Laboratories or Biofluids, Rockville, MD) buffered with 15 mM Hepes (Gibco Laboratories), supplemented with 15% decomplemented fetal bovine serum (Gibco Laboratories), 0.66 U/ ml insulin, (Sigma Chemical Co., St. Louis, MO), penicillin (60 U/ml), streptomycin sulfate (60 ,ug/ml), and fungizone (50 jtg/ml) (Gibco Laboratories).
In a 95% air, 5% CO2 environment at 37°C, glomerular attachment was -30% and epithelial cells grew from the glomeruli within 1-2 d. Media were changed every 2 d. Since epithelial cells grow rapidly with a peak of cell growth on days 6-8, whereas mesangial growth predominates by day 28, subculture was performed at the end of the 4th wk in culture by using 0.25% trypsin-EDTA (18) . Experiments were performed on days 14-16 of the first subculture, before the cells reached confluence and at a time when the passaged cells have hormone receptors (19 Contraction experiments. Several hours before these experiments, the culture medium was changed to Ca++-and Mg++-free Hanks' balanced salt solution supplemented with 10% fetal bovine serum to facilitate relaxation of the mesangial cells, which remained adherent to the dish (1). Contraction was studied by phase-contrast microscopy at room temperature by incubating the cells in either 100 nM AVP or 1 jM ANG II in RPMI 1640 without fetal bovine serum.
PG biosynthesis in response to arachidonic acid, calcium ionophore (A23187) ANG II, AVP, or vasopressin analogues. All experiments were performed at 37°C in a 95% air, 5% CO2 environment, on first subcultures. Cells studied beyond the first passage respond only minimallv to the peptides. Culture dishes were washed twice with culture media without fetal bovine serum and allowed to equilibrate for 1 h. At the beginning of the experiment, media were aspirated and 2 ml of fresh media were added to each dish followed by a basal 30-min incubation. 1 ml of this media was then removed and C20:4 (5 jg/ml, Sigma Chemical Co.) in 0.05% ethanol, A23187 ( (20) . Statistical comparison was made by the t test for paired samples.
The synthetic AVP analogues, 1-desamino-8-D-arginine vasopressin (dDAVP) (antidiuretic but not pressor) and [1- (f3-mercapto-/,343-cyclopentamethylene propionic acid)-4-va- (neither antidiuretic nor pressor, but a potent antipressor) were assessed for their effects on AVP-stimulated PGE2 synthesis (21, 22 
RESULTS
Morphology and cell contraction. Under phasecontrast microscopy, the mesangial cells appear flat and stellate (Fig. 1) . Mesangial cells, maintained in Ca++-and Mg++-free media for 3-4 h, are depicted in Fig.   1 A. When 1 gM of ANG II or 100 nM of AVP were added, -50% of the cells contracted (Fig. 1 B) . Contraction began at 6-7 min after the addition of peptide at room temperature. Reintroduction of media alone containing Ca++ and Mg++ caused some cells to contrast also, but not as much, this occurred over a longer time period, and the cells stayed contracted. 15 min Fig. 3 . PGE2 was the most abundant cyclooxygenase product under both basal and stimulated conditions. In the basal state PGE2 production was fourfold that of PGF2a and 10-fold greater than PGI2, as measured by its stable hydrolysis product, 6kPGFIa,.
When PG production was stimulated by the calcium ionophore, or by the addition of exogenous C20:4, the production of the three prostaglandins increased, but TXB2 was detectable only with arachidonate stimulation (Fig. 3) Figs. 4, 6 , and 7, in which extracellular Ca++ was 0.6 mM. Nifedipine, 10 nM or verapamil, 10 ,M, also blocked completely the ANG II-mediated enhancement of mesangial PGE2 synthesis (Fig. 9) (12, 24) . PG production by cultured rat glomerular mesangial cells in our experiments differs somewhat from that found by Sraer et al. (10) (11) (12) . We both found that production of PGE2 was the greatest in the basal as well as the stimulated state. However, whereas we found that C20:4 incubation stimulated cyclooxygenase products in the following order: PGE2 > PGF2a > 6kPGFia > TXB2, Sraer et al. reported that TXB2 was the second most abundant prostanoid.
We evaluated the effects of two constrictor peptides, ANG II and AVP, on mesangial prostaglandin synthesis. ANG II and AVP reduce renal blood flow, GFR, and the Kf in the rat (5, 6) . Decrements of Kf, induced by these peptides, may be secondary to mesangial contraction and subsequent loss of filtration surface area in the glomerulus (25) . Furthermore, cyclooxygenase inhibitors such as indomethacin or meclofenamate substantially augment these actions of ANG II and AVP on the glomerulus (26) . Based on these reports we hypothesized that ANG II and AVP increase mesangial synthesis of vasodilatory PG, which act to modulate the constrictor action of the peptides on the glomerulus. Our results support this hypothesis, namely that the mesangium responds to ANG II and AVP with augmented production of PGE2. This response is elicited at 100 pM AVP and 10 nM ANG II, and three-to fivefold increments were detected at higher concentrations of the pressor peptide. It is unknown whether peptidestimulated PGE2 synthesis antagonizes ANG II-or AVP-induced mesangial contraction, although Ausiello (1) (30) or no detectable changes (31) . The activation of phospholipase, and hence PG synthesis, by the trauma of glomerular separation and isolation may explain the poor responsiveness of whole glomeruli to peptide stimuli. However, in glomeruli isolated by similar methods, the converting enzyme inhibitors captopril (SQ 14225) and SQ 20881) directly and selectively stimulated the vasodilatory PG, PGE2 and 6kPGFI,, in the absence of either angiotensin or bradykinin (29) .
It is interesting that ANG II and AVP selectively increase PGE2 synthesis in both glomerular epithelial and mesangial cells. This selectivity of PG stimulation is not attributable to the absence of other enzymes that convert endoperoxides to PGF2a, PGI2, or TXA2 since C20:4 or A23187 enhance the synthesis and release of these other cyclooxygenase products (Fig. 3) . It seems likely that the membrane receptors for AVP and ANG II stimulate a specific phospholipase, which is coupled to a pool of cyclooxygenase and PGE2 isomerase, separate from the other synthetic enzymes. Schwartzman et al. (32, 33) , have reached similar conclusions using isolated and perfused kidney. They have demonstrated a hormone-sensitive (bradykinin, ANG II) and a hormone-insensitive pool of phospholipase with tighter coupling of the hormone-sensitive phospholipase and its released arachidonate to the cyclooxygenase and PGE2 synthesis (33) .
Whereas AVP also selectively stimulated PGE2 synthesis, dDAVP did not, suggesting that it is the pressor, not the antidiuretic, action of AVP that is associated with its stimulatory ability. Preincubation with d(CH2)5VDAVP, a potent antipressor antagonist, completely blocked AVP-stimulated PGE2. dDAVP blocked PGE2 production by 50%, suggesting that it does bind to the receptor. These findings are similar to those of Beck et al. (34) in the renal medullary interstitial cell.
Since agents that interfere with calcium entry or calcium binding block the action of ANG II on renal vasculature (35) , uterine smooth muscle (36) , and glomeruli (37), we further assessed Ca++ dependence of ANG II and AVP actions on the glomerular mesangial cell. Our studies confirm the integral role of Ca++ as a mediator of the peptide-stimulated PG production. Incubation of the cells with the Ca++ ionophore, A23187, enhanced PGE2 production, as did increasing extracellular Ca++ from 0.6 to 1.8 mM. Removal of Ca++ from the incubation medium, during AVP or ANG II incubation, abolished peptide-stimulated PGE2 synthesis. Blocking Ca++ entry into the mesangial cell with nifedipine or verapamil similarly inhibited AVP or ANG II-mediated PGE2 production. These alterations of peptide-stimulated PGE2 production, effected by changing Ca++ availability, probably result from changes in activity of phospholipase(s) since this enzyme in renal slices (38) , platelets (39) , and leukocytes (40) is calcium dependent and often rate limiting for PG synthesis.
We conclude that mesangial cells have the capability to synthesize large amounts of PG, especially PGE2. The constrictor peptides, AVP and ANG II, selectively augment PGE2 production. This PGE2 stimulation is a Ca++ dependent process. The physiologic implication of this is unclear, but it is possible that the effects of ANG II and AVP on renal blood flow and GFR are modulated or antagonized by vasodilatory PG, specifically those synthesized by epithelial and mesangial cells. Experiments with isolated rat glomeruli, in which we measured glomerular planar surface area as an index of mesangial (i.e., glomerular) contraction, have confirmed that PG antagonize ANG II since ANG IImediated glomerular contraction was potentiated by PG inhibition and decreased by PG stimulation with C20:4 (unpublished observations).
